Incident primary beam divergence is a source of systematic error in X-ray standing wave (XSW) characterization of single and multilayer thin films. Primary beam divergence significantly alters the XSW profile of a layered material and can lead to large errors when used with higher excitation energies. The present study suggests that when one uses Mo-Kα excitation, the primary beam divergence should be in range of 0.005 0 . On the other hand, in the case of Cu-Kα excitation, primary beam divergence can be relaxed up to 0.01 0 .
Introduction
Total reflection X-ray fluorescence (TXRF) is one of the wellestablished techniques for ultra-trace elemental analysis of materials. [1] [2] [3] The technique finds several applications in a variety of fields like environmental pollution, geological science, medical science and semiconductor industries. [4] [5] [6] [7] Angle-dependent grazing incidence X-ray fluorescence (GI-XRF), is another variant of TXRF technique. By changing the incidence angle, one can enlarge the depth sensitivity of a layered material to the nanometer regime. The angular dependence of TXRF was first carried out by Becker et al. in 1983 . 8 Since then, GI-XRF measurements have been used for a variety of applications, such as the determination of the depth profile of impurity atoms in semiconductor materials, 9 in layers on a substrate 10 and in adsorbed molecules. 11, 12 The various advantages of GI-XRF technique over the other commonly used techniques of thin film analysis, such as X-ray reflectivity or secondary ion mass spectrometry, have been described by several workers. [13] [14] [15] Apart from analysis of thin layer and adsorbed particulate matter on a substrate, Barbee and Warburton 16 applied the GI-XRF technique to investigate periodic multilayer structures. They showed that X-ray standing wave (XSW) effects occur in multilayer Bragg peak regions as in perfect crystals. 17 Even characterization of surfaces and interfaces for roughness effect and density variations using the GI-XRF technique has been investigated by several workers. [18] [19] [20] Besides structural parameters, the shape of the XSW profile is strongly influenced by the primary beam width or beam divergence of the exciting radiation. It is worth noting that, when the influence of primary beam divergence in XSW analysis becomes larger than the effect of structural parameters, it is difficult to derive structural information for a layered material accurately. Schewenke et al. 21 demonstrated this effect in GI-XRF characterization of a single layer structure using Mo-Kα excitation energy. They showed that the primary beam divergence significantly affects the shape of GI-XRF profile of a thin film structure. Recently, beam divergence effects have been examined in diffraction studies using X-ray and neutrons as primary beams. 22, 23 In the case of X-ray diffraction, it has been shown that a highly divergent incident X-ray beam can lead to large errors in the accuracy and precision of the lattice parameters when used with crystallite sizes comparable to the beam size. Similarly, in neutron diffraction, a significant peak shift attributed to the high divergence of the neutron beam has been reported.
We have carried out a systematic study to account for the influence of primary beam divergence in XSW analysis of single layer and multilayer thin film materials. In order to understand the energy dependence of primary beam divergence, two excitation X-ray energies, Cu-Kα (8.050 keV) and Mo-Kα (17.444 keV) were employed for recording angle-dependent Xray fluorescence profiles. The GI-XRF measurements are done on various single and multilayer thin films. In the case of periodic multilayer structures, the reduced sharpness of XSW oscillation in the vicinity of the Bragg position, below and above the Bragg angle, is attributed to the high divergence of the incident X-ray beam. The beam divergence effects in XSW characterization of multilayer structures have been simulated and compared with experimental measurements. The optimum primary beam divergence that one can employ for GI-XRF measurements of layered structure, depending on incident excitation energy, has been described.
Basic Considerations
A basic approach for X-ray standing wave measurements is illustrated in Fig. 1 , wherein a primary beam from a line-focus X-ray source is collimated by a 40 µm slit and monochromatized using Ni/C multilayer optics. The monochromatized beam impinges on the sample carrier, where a layered specimen or a sample containing a particulate specimen on a flat smooth surface can be mounted with reproducible optical conditions. For XSW analysis, generally an asymmetric cut Si(111) crystal is employed for monochromator optics. 17 The basic advantage of this crystal is that it provides a good monochromatic X-ray beam with small beam divergence.
However, proper alignment of the asymmetric cut crystal is somewhat difficult and needs a skilled person for true alignment.
In our approach, we have used multilayer optics in place of an asymmetric cut Si(111) crystal and a slit just before the sample carrier to reduce the primary beam divergence. The basic advantage of multilayer optics is that they offer very good reflectivity (∼90%) compared to a natural crystal and can be aligned in a short time. Multilayers are also inexpensive compared to asymmetric cut crystals and are easy to fabricate in any laboratory. Their design can be tailored by properly selecting material combinations, depending on requirements of incident energy, Bragg peak width, etc. Using an additional slit just before the sample carrier, one can select the required width of the central part of the Bragg peak, reflected by the multilayer monochromator. The whole arrangement used here works on a tradeoff between spectral resolution and the flux throughput. It generates a primary X-ray beam with required beam size and with optimum photon flux at multilayer resolutions. Since multilayer optics provide relatively poor energy resolution compared to an asymmetric cut crystal, we have used the average energy of Kα1,2 lines of incident radiation in our calculations.
Theoretical Background
For calculation of X-ray fluorescence intensities from the layered material, two methodologies, recursive formalism 10, 24 and matrix formalism, 13, 25 have been extensively described in the literature. We followed recursion methodology to calculate electric field intensities in different media. For a layered specimen (Fig. 2) , the transmitted field E j t , and reflected field E j r at the top of the j-th layer can be written as
where aj = exp(-ikj,Zdj), and dj is the thickness of the layer j. For the substrate, as there is no reflection, E j r = Xj = 0. Using the above equations and the values of the complex coefficients of reflection rj and transmission tj 26 at the j and j + 1 interface, one can easily calculate the electric field amplitudes E j t and E j r for a layer medium from the knowledge of λ, φ0, εj and the thickness of the layer medium dj. For correction of the interfacial roughness σj, a more practical method 27,28 is to multiply rj by a factor Sj and tj by Tj, given as
This approach gives reliable results for both below and above the critical angle regions. The normalized reflectivity R for layered specimen can be simply derived from R(φ0) = | E 
X-ray fluorescence
The average electromagnetic field intensity I(φ0, z), in layer j, at depth z is given by (1) where ν(φ0) is the phase of the E-field ratio at the top of a layer j;
Using the fundamental parameter approach and integrating the
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where I0 is a measure of primary intensity, Sx,E 0 is the sensitivity value of element x at incident X-ray energy E0, (µ/ρ)j,E 0 and (µ/ρ)j,E represents the mass attenuation coefficient of layer j at the primary X-ray energy E0 and at the characteristic energy of the detected element x. cx is the mass concentration of element x in the layer j. εdet represents the detector efficiency and Tair is the transmission of fluorescence X-rays in an air path from the sample to the detector. The refraction angle sinθj = Re[(n 2 j -cos 2 φ0) 1/2 ] G is a geometrical factor; this quantity also takes care of the footprint effect of X-ray beam on the sample surface at different incidence angles. For repetitive layers, the net fluorescence
intensity has to be calculated by summing contributions from all layers and taking into account the absorption correction of upper layers.
Primary beam divergence
The above formulas for reflectivity and fluorescence are valid for parallel beam geometry. If the incident beam has a certain divergence, expressed as I(α), then the reflectivity R and the fluorescence yield F can be expressed as a convolution of the reflectivity/fluorescence function and the intensity distribution:
In our GI-XRF program, the shape of the primary beam has been considered as a Gaussian profile under ±3σ limits. The required width of the primary beam for correction of divergence effects in fluorescence and reflectivity can be specified. 
Examples of Model Calculation
In this section, we shall discuss results of model calculations and electromagnetic field intensity propagation in periodic multilayer structures. Figures 3a and 3b respectively show calculated GI-XRF profiles for the Ni/C and Fe/Si multilayers at Mo-Kα and Cu-Kα excitation energies. From these figures it can be seen that the GI-XRF profile at Bragg positions is largely influenced by the beam divergence. With increasing the beam divergence, the sharpness of the standing wave oscillation at Bragg position decreases. The Kiessig oscillations, in the vicinity of a Bragg position, disappear at higher beam divergences. The calculations performed above show that the divergence effect decreases with decreasing the incident energy. For example, for Cu-Kα excitation energy, the Kiessig oscillations are present at a primary divergence of 0.01 0 . X-ray standing wave field intensities across the first Bragg region of a Ni/C multilayer are shown in Fig. 4a . At incident angles below the Bragg peak, the antinodes of the standing wave field are in low-density layers (i.e. C layers). As the incidence angle, φ0, increases from 0.298 0 to 0.352 0 , the standing wave antinodes move inward and finally coincide with the high-density layers (Ni layers). At incidence angles far from the strong reflection region, the amplitude of the standing wave oscillation decreases abruptly. In Fig. 4b the variation of phase, ν(φ0), of E r 0 /E t 0 (see Eq. (1a)) has been plotted as a function of incidence angle. From this figure it can be seen that across the Bragg position, the phase of the E-field ratio changes by π, i.e. from -π/2 to π/2. The special modulation of fluorescence profile, in the vicinity of a Bragg position, arises mainly due to this large phase change. The highly divergent incident beams affect the electromagnetic field distribution inside a multilayer structure and reduce the sharpness of the X-ray standing wave field. A through description has been given in our Results and Discussion section.
Experimental
For measurement of the angle-dependent X-ray fluorescence profile of a layered specimen, an in-house-developed TXRF spectrometer has been used. 29, 30 A 4.0 kW standalone PHILIPS X-ray generator having Cu, Mo and W targets was used as an excitation source. The fluorescence measurements were done using a Peltier cooled solid state detector (FWHM ~240 eV at 5.9 keV), a spectroscopy amplifier AMP-6300 and an 8 K multichannel pulse height analyzer installed in a personal computer. The fluorescence measurements have been taken for a period of 50 s at each angular position of the sample. We used an electron beam evaporation system 31 for depositing thin films and multilayers. A Ni/C multilayer optics of parameter N = 30, Γ = 0.47, d = 7.0 nm was used as a pre-monochromator in TXRF setup. The X-ray reflectivity (XRR) measurements were carried out using an in-house-developed diffractometer installed on the other line focus window of the same generator. The incident beam was collimated by a 0.05 mm slit at the source and a razor blade kept close to the sample surface resulting in a beam divergence in between 0.02˚ to 0.03˚. The razor blade generates a micrometer size slit at the sample, thereby reducing the divergence of the beam and the sampled area. 32 The exit beam path consisted of a Soller slit of divergence 0.4˚ prior to a graphite crystal monochromator set to diffract Cu-Kα radiation; the intensity was monitored by a NaI(Tl) scintillation counter. The measurements were carried out in standard θ-2θ configuration. The X-ray source was operated at a voltage of 40 kV and a tube current of 40 mA. Figure 5a shows measured GI-XRF profile for a Ni/C multilayer structure of parameters, N = 20, d = 7.0 nm, Γ = 0.47, in the absence of an additional slit prior to the sample reflector. The measurement has been performed at Mo-Kα X-ray energy. Figure 5b shows an enlarged plot in the vicinity of the Bragg reflection. In this figure, the measured GI-XRF profile has also been compared with the simulated GI-XRF profiles assuming a different primary beam width. Here, it can be seen that, without using an additional slit prior to the sample reflector, the measured fluorescence profile matches closely with the profile calculated at 0.03 0 beam divergence. The observed value of primary beam width agrees with the expected value of the beam divergence of 0.026 0 , as we have used our first slit of 40 µm at a distance of 110 mm from the X-ray tube window. In another investigation (Fig. 6) peaks. The measured reflectivity profile (Fig. 6a) shows good agreement with theoretical calculations of 0.03 0 beam divergence. Below the critical angle, the deviation between measurement and calculation arises mainly due to the footprint effect i.e. the X-ray footprint becomes larger than sample size. The measured GI-XRF profile distinctly shows XSW oscillations up to three Bragg reflections. Figure 6b shows an expanded plot in the vicinity of the second Bragg reflection. In this figure, XSW measurements with and without use of an additional slit before the sample carrier have been compared. From Fig. 6b it is clearly seen that the experimental data points correspond to those measurements, in the absence of an additional slit, are close to primary beam widths in between 0. At the same time, the sharpness of XSW oscillation increases. On the other hand, for Cu-Kα excitation, the requirement of shorter primary beam width is somewhat relaxed, up to 0.01 0 . In order to estimate errors due to primary beam divergence affect, let us compare fluorescence intensities at the higher angle side of a Bragg peak for different widths of primary beam. In our case, where the primary beam divergence is ∼0.026 0 , compared to ideal situation, the total error is ∼8% for Cu-Kα excitation. On the other hand, this error goes up to 50% for Mo-Kα excitation.
Results and Discussion
The above results clearly reflect that to perform XSW analysis with a primary beam width equivalent to the step size variations, one should either use an asymmetric cut crystal or a multilayer monochromator of good reflectivity in combination with a slit-collimator arrangement of required opening. The slit-collimator arrangement should be inserted close to the sample carrier. The stringent requirement of the low divergent beams, at higher excitation energies can be answered by understanding the influence of primary beam divergence effect on XSW field periodicity. In the region of strong Bragg reflection, an XSW field of periodicity of multilayer period d = λ/2 sin φ0, is set up inside the multilayer. 33 If the incident beam has a spread α, it will accordingly generate a spread in XSW field. Due to this spread, the transitions of XSW field from low Z layer to high Z layer in the vicinity of Bragg position do not remain sharp. This spreading of XSW field becomes more significant at higher excitation energies because of reduced Bragg reflection region.
While performing XSW characterizations of multilayer structure, it is important to take into account incident beam divergence effects, for deriving accurate structural information. Otherwise, one should use an optimum beam divergence. The optimum beam divergence corresponds to that minimum divergence where Kiessig oscillations distinctly appear in the GI-XRF profile. For example, in case of Mo Kα (Cu Kα) excitation, the minimum acceptable beam divergence is ∼0.005 0 (0.01 0 ). In this case, the uncertainties in phase variation in the vicinity of a Bragg angle would be minimum. Our model calculations suggest that, if the primary beam divergence is higher than the optimum beam divergence, the divergence effects need to be incorporated in a model fit to compare with experimental data. To the best of our knowledge, the influence of incident beam divergence effects in XSW characterization of multilayer materials has not been described earlier in the literature. The use of a multilayer monochromator in combination with a slit aperture at the sample positions provides an inexpensive alternate to commonly used asymmetric cut crystals.
Conclusions
Influences of primary beam divergence effects in grazing incidence X-ray fluorescence/XSW characterization of layered materials have been demonstrated.
The systemic study performed in this paper shows that divergent incident beams can introduce large errors in XSW fluorescence profile when used with higher excitation energies. These errors can be corrected by introducing beam divergence effects in the model calculations. We have evaluated optimum beam divergence, below which the primary beam divergence effects need not be incorporated. 
